Introduction {#sec1}
============

The superior vena cava (SVC) is one of the most common sites of non--pulmonary vein (PV) foci in atrial fibrillation (AF), and SVC isolation is an established ablation strategy for AF patients who have foci arising from the SVC.[@bib1]^,^[@bib2] While iatrogenic sick sinus syndrome requiring pacemaker implantation is known as a possible complication of SVC isolation,[@bib3] sinus node dysfunction characterized by preserved heart rate (HR) at rest but inability to increase HR during exercise (chronotropic incompetence) has never been reported.

Case report {#sec2}
===========

A 70-year-old male exercise enthusiast was referred to our hospital for the recurrence of AF after catheter ablation. He had received PV isolation 5 years before, but had recently begun to feel palpitations. Antiarrhythmic drugs failed to maintain sinus rhythm, so a repeat catheter ablation was performed.

Despite isolation of the no longer isolated PV at the second procedure, administration of isoproterenol (ISP) spontaneously provoked AF when maximum HR reached 130 beats per minute (bpm) under deep sedation with propofol and dexmedetomidine. Paroxysmal atrial contraction in the SVC inducing AF was detected. Because AF kept being provoked after repeated restoration of sinus rhythm with internal defibrillation shocks even well after wash-out of ISP, we decided to perform SVC isolation during AF rather than attempt ablation of individual foci within the SVC. To avoid sinus node injury, the line of isolation was put about 5 mm above the earliest normal sinus activation site, which was initially recorded by the electrode catheter placed at the right atrium (RA) and SVC before the "AF storm."

After achieving two-thirds encircling ablation at the SVC with a Navistar Thermocool Smarttouch SF (Biosense-Webster, Diamond Bar, CA) catheter at 25 W power, leaving the lateral site unablated, we delivered a defibrillation shock, which resulted in restoration of sinus rhythm. There was no junctional rhythm, and the HR showed slight bradycardia (53 bpm) ([Figure 1](#fig1){ref-type="fig"}). RA mapping after sinus rhythm restoration showed atrial activation propagating from the lower RA, a site obviously lower than that before SVC isolation, suggesting emergence of a lower non-sinus pacemaker ([Figure 2](#fig2){ref-type="fig"}). After completing SVC isolation, we administered ISP again. AF was not provoked this time, but we noticed that maximum HR was approximately 110 bpm, lower than the 130 bpm recorded before SVC isolation under the same amount of ISP administration. After the procedure in the absence of ISP, the patient's HR was around 50 bpm and was associated with slightly low blood pressure, so we temporarily administered catecholamine (dopamine) until the next day. A shorter PR interval was observed just after the ablation, likely owing to reliance on secondary atrial pacemakers, but recovered the next day ([Figure 3](#fig3){ref-type="fig"}). Right phrenic nerve palsy was also observed on the day of ablation, but fully recovered the next day. The patient was discharged 3 days later with resting HR of 50 bpm without any symptoms.Figure 1**A:** Anatomical location of the superior vena cava (SVC) isolation line is shown. Earliest sinus node activation site is indicated by asterisk (\*). ABL = ablation catheter; AP = anterior-posterior view; CS = coronary sinus; ESO = esophageal thermo catheter; ICE = intracardiac echocardiogram; RA = right atrium. **B:** Sinus recovery observed after defibrillation with no sign of junctional rhythm. A = atrial contraction; V = ventricular contraction.Figure 2A lower non-sinus pacemaker appeared after superior vena cava (SVC) isolation as demonstrated by CARTO 3D mapping (CARTO 3, Biosense-Webster, Diamond Bar, CA). RL = right-left view.Figure 3The timeline of heart rate (HR), symptoms, and electrocardiogram morphology (II and V~1~) before and after ablation (ABL) is shown. After the ablation, reduced maximum HR caused dyspnea during exercise in spite of preserved HR at rest. DOE = dyspnea on effort; TMT = treadmill test.

A week later, the patient returned to the outpatient clinic complaining of dyspnea, which appeared only during his daily exercise routine. His 12-lead electrocardiogram showed normal sinus rhythm of 70 bpm at rest, and no abnormalities were noted in blood tests, radiograph, or echocardiography. Holter monitoring revealed that his maximum HR during exercise was reduced to around 110 bpm, compared to the 150 bpm he used to achieve according to the HR monitor at the gym. A treadmill test 1 month later confirmed his reduced maximum HR (110 bpm), which was the same as the HR observed during the ablation procedure after SVC isolation under ISP infusion.

At 1-year follow up, the patient's P-wave morphology in lead II shows a positive but slightly decreased amplitude compared to the one before the second ablation procedure. He remains free from AF recurrence as demonstrated by Holter monitoring, with HR at rest of about 70 bpm without any symptoms, but maximum HR has not recovered and his ability to exercise remains impaired.

Discussion {#sec3}
==========

This case report demonstrates atypical sinus node dysfunction, which emerged after SVC isolation for AF characterized by preserved HR at rest and reduced maximum HR during exercise leading to dyspnea.

Sinus node dysfunction after ablation {#sec3.1}
-------------------------------------

Sinus node dysfunction after SVC isolation has been reported in previous publications.[@bib4] Chen and colleagues[@bib4] reported that 6 of 132 (4.5%) patients showed sinus node injury after SVC isolation. Of these 6 patients, sinus rhythm recovered in 5 (3.5 hours to 2 days after ablation), but the remaining patient needed pacemaker implantation for symptomatic bradycardia (junctional rhythm, HR 38 with dizziness). It is interesting that a short PR interval was observed in 1 patent with sinus node injury in their report, similar to our patient. Electroanatomical mapping in our patient demonstrated that his short PR interval was due to a lower non-sinus pacemaker ([Figure 2](#fig2){ref-type="fig"}). Though it is still unknown why the lower non-sinus pacemaker appeared after sinus node dysfunction, a short PR, which occurs after SVC isolation, can be a sign of temporary or permanent sinus node damage; and for those patients, aggressive validation of sinus node function should be considered using exercise electrocardiogram and/or Holter monitoring.

Possible causes of chronotropic incompetence not due to direct injury to the sinus node by catheter ablation include atrial fibrosis, coronary artery disease, injury to the sinus node artery by ablation, serum electrolyte abnormalities, antiarrhythmic drugs, and sympathetic nerve injury. However, our patient had no structural heart disease, was found to have normal coronary arteries by computed tomography (CT) angiography, normal left atrium and RA dimensions by cardiac ultrasound, no significant low voltage areas in either atrium by 3D mapping suggesting fibrosis, no serum electrolyte abnormalities before or after the procedure, and no indication of sympathetic nerve/cardiac ganglion plexus injury such as changes in HR during ablation around the PV. The patient did receive bepridil, a class III antiarrhythmic drug unavailable in the United States, for 2 months as insurance against AF recurrence after the procedure, but sinus bradycardia is not a known side effect of this drug. In summary, the differential diagnosis points to catheter ablation damage to the sinus node in the case of our patient. While iatrogenic sick sinus syndrome after SVC isolation is usually diagnosed by reduced HR at rest, impaired maximum HR after SVC isolation has never been reported. Patients receiving catheter ablation for AF are often older, and it is unclear how many of those patients exercise vigorously. Our case shows that sinus node dysfunction featuring decreased maximum HR can potentially occur after SVC isolation and demonstrates diversity in iatrogenic sick sinus syndrome. This patient happened to be an exercise enthusiast and symptomatic reduced maximum HR (from 150 to 110 bpm) was found during exercise. We should keep in mind that if patients complain of dyspnea after catheter ablation including SVC isolation with preserved HR at rest, more aggressive validation for maximum HR may be needed. In our case, a treadmill test was useful in confirming that his dyspnea was associated with reduced maximum HR. For patients who need preservation of maximum HR, such as athletes, SVC isolation should be performed very carefully, with aggressive validation of sinus node function postprocedurally.

At 1 year follow-up, maximum HR has not recovered. Implantation of a pacemaker with rate response function or prescribing oral cilostazol are among possible treatment options for patients with sick sinus syndrome, but these therapies are not guaranteed to meet the HR demands of our patient.[@bib5] Our patient continues to exercise and is trying to increase exercise tolerance by improving cardiopulmonary function without resorting to medical treatment.

Optimal ablation strategy for SVC isolation {#sec3.2}
-------------------------------------------

Careful ablation is needed for SVC isolation because it is estimated that the sinus node is located within the SVC with 10% probability.[@bib6] To avoid injuring the sinus node, it is safer to perform SVC isolation during sinus rhythm to allow faster recognition of sinus node dysfunction, which usually manifests as HR reduction and is often preceded by reactive ectopic beats from the sinus node. In our case, incessant AF provocation despite defibrillation shocks required ablation during AF, so it is unknown whether or not this patient had any ectopy during radiofrequency (RF) applications. In SVC isolation, if "AF storms" are provoked by ISP, one should wait a sufficient time for ISP to wash out before starting ablation under sinus rhythm.

The sinus node artery (SNA) can arise from the left circumflex coronary artery, and it is reported that catheter ablation to the left superior PV or left atrial appendage can cause sinus node dysfunction, although those are reported as reversible complications.[@bib7]^,^[@bib8] Ablation at the septal side of the SVC can also injure the SNA.[@bib9]^,^[@bib10] In our patient, CT angiography showed a typical configuration of SNA anatomy arising from the right coronary artery, and it was less likely that the artery had been injured during SVC isolation compared to the artery arising from the left circumflex artery. Obtaining preoperative coronary CT images may be useful for determining the course of the SNA to avoid injury.

Tanaka and colleagues[@bib10] reported that approximately half of patients with AF had a diagonal line of block at the RA-SVC junction that could be utilized to isolate the SVC with less RF delivery. Recognizing sinus node location and the RA-SVC gap also helps reduce unnecessary ablation injury to the sinus node.[@bib11] Adequate isolation-line selection with less RF delivery can help to avoid ablation complication in SVC isolation. In the current case, we set the isolation line above the earliest activation site, which was recorded by the electrode catheter placed at the RA and SVC. However, it is known that the sinus node can extend about 13.5 mm (range, 8--21.5 mm),[@bib12] and as well that the location of the pacemaker can shift according to autonomic tone, which is generally a cranial shift with sympathetic stimulation and a caudal shift with parasympathetic stimulation.[@bib13]^,^[@bib14] In our case, the "safe margin" of 5 mm we employed from the earliest sinus activation site at the deployed electrode catheter to the isolation line had been enough to protect HR at rest, but was insufficient to preserve maximum HR. Sinus node injury by RF application, which disturbed the cranial shift of the pacemaker, may be the cause of dropped maximum HR after SVC isolation in our patient.Key Teaching Points•Sinus node dysfunction characterized by reduced maximum heart rate (HR) with preserved HR at rest can be observed after superior vena cava (SVC) isolation.•Aggressive evaluation of sinus node function including maximum HR should be considered if patients have dyspnea during exercise after SVC isolation.•SVC isolation should be performed carefully, especially if a patient needs the preserved maximum heart rate for hard exercise.
